Abstract: This study aims to validate the three-phase heat and mass transfer model developed in the first part (Three phase heat and mass transfer model for unsaturated soil freezing process: Part 1 -model development). Experimental results from studies and experiments were used for the validation. The results showed that the correlation coefficients for the simulated and experimental water contents at different soil depths were between 0.83 and 0.92. The correlation coefficients for the simulated and experimental liquid water contents at different soil temperatures were between 0.95 and 0.99. With these high accuracies, the developed model can be well used to predict the water contents at different soil depths and temperatures.
Introduction
Computational methods have emerged as powerful techniques for investigating and exploring the physical and chemical phenomena and solving practical engineering problems. Based on fluid dynamics, computational fluid dynamics (CFD) methods have been widely used in studying the operation performances [1, 2] , reaction mechanisms [3, 4] , distribution fields [5, 6] , and transfer processes [7, 8] .
In 1988, the Lattice Boltzmann method (LBM) was introduced by McNamara and Zanetti [9] to overcome the drawbacks of the lattice gas cellular automata. Since then the LBM emerged as an alternative powerful computational method for solving fluid dynamics problems [10] [11] [12] . In traditional computational fluid dynamics methods, Navier-Stokes equations (NS) solve mass, momentum and energy conservation equations on discrete nodes, elements, or volumes. In other words, the nonlinear partial differential equations are converted into a set of nonlinear algebraic equations, which are solved iteratively. In LBM, the fluid is replaced by fractious particles, and these particles stream along given directions (lattice links) and collide at the lattice sites. The LBM can be considered as an explicit method, and the collision and streaming processes are local. Hence, it can be programmed naturally for parallel processing machines. Another beauty of the LBM is it can handle complex phenomena such as moving boundaries (multiphase, solidification, and melting problems), naturally, without a need to face tracing method as it is used in the traditional CFD. Due to the advantages of LBM mentioned above, LBM has been widely used for solving fluid dynamic problems [13, 14] .
Recently, some models using LBM for the simulation of soil freezing have been developed [8, 15] . Generally, pre-melted temperature and fluid flow drive force (caused by ice formation) were usually not considered. If the premelted temperature is considered, it would be easier for a model to predict the water content at different tempera-tures. Also, the considering of fluid flow drive force caused by ice formation gives a good prediction for water content distribution along depth in unfrozen zone.
In the first part (Three phase heat and mass transfer model for unsaturated soil freezing process: Part 1 -model development), a three-phase heat and mass transfer model using the LBM was developed for unsaturated soil freezing process. The model is based on both the ShenChen model and the mechanisms of heat and mass transfer in unsaturated soil freezing. The pre-melted film was taken into consideration, and the relationship between film thickness and soil temperature was used to calculate the liquid water fraction in both frozen zone and freezing fringe. The force that causes moisture migration was calculated by the sum of several interactive forces. The suction in the pre-melted film was regarded as an interactive force between the ice and water. Two kinds of resistance were regarded as a kind of body force related to the water films between the ice grains and soil grains. A block force instead of gravity was introduced to keep balance with gravity before soil freezing. This model is capable of predicting the water content distribution along soil depth and the variations in water content and temperature during soil freezing process. However, it should be evaluated using experimental data before its applications [16, 17] . Firstly, the water content distribution due to the water migration by suction force needed to be validated at different freezing times. Secondly, because of the introduction of pre-melted temperature, the water content variation with temperature needs to be validated for different soil depths and soil saturations.
Consequently, in this study, we tested the validity of the model. We compared the model predictions with the experimental results obtained from the previous studies on water content distribution along soil depth. Experiments were also developed to test the water content variations with temperature in different zones (unfrozen zone, freezing fringe and unfrozen zone).
Water content along soil depth

Experimental
The laboratory experiment data performed by Mizoguchi [18] in 1990 are classical, and they were cited in various studies [15, 19, 20] , they were also used for the validation of our model in the prediction of water content distributions along the depth. In his research, Kanagawa sandy loam soil was used. Soil was packed in four identical cylinders which were 20 cm long with an internal diameter of 8 cm. Three specimens were used for performing freezing tests while the fourth was used to measure the initial condition. The side faces and bottom faces of the cylinders were thermally isolated. The specimens were prepared with the same initial temperature distribution (a uniform temperature of 6.7
∘ C) and the volumetric water content was 0.33. The top faces of the specimens were set to be a fixed lower temperature of −6 ∘ C. Then the samples were divided into 1 cm slices for obtaining water content distributions after cooling for 12, 24 and 50 h.
Simulation settings
According to the experiment conditions mentioned above, the corresponding initial conditions and boundary conditions for the simulation in prediction of water content distributions along the depth were obtained. The porosity of sandy loam soil was between 0.4 and 0.5 [21] , and 0.45 was adopted in the current research. the computational domain was given a uniform temperature of T 0 = 6.7 ∘ C, the initial water content was set to be 0.35, which was initialized by providing a density ratio of ρ w /ρ a = 1.59 : 0.41 to the fluid lattices of each phase, and the adjustment coefficient for suction force was given by G fre = 0.5.
Results and discussion
Due to the suction of pre-melted film in the frozen front, water migrated from unfrozen zone to frozen zone. As shown in Figure 1 (a), after the soil freezing for 12 hours, the soil freezing fringe located nearly at the soil depth of 6.5 cm, the water content in the frozen zone decreased slightly along depth from 0.425 to 0.39, and then it increased from 0.29 to 0.33 (initial water content) along depth in the unfrozen zone. As shown in Figure 2 (a), after the soil freezing for 24 hours, the water content in the frozen zone varied in the range from 0.42 to 0.39 along the soil depth from 0 cm to 9 cm, and it increased from 0.27 to 0.32 with soil depth from 9 cm to 20 cm. As shown in 0.151 the developed model can be well used to predict the water content distribution along soil depth.
3 Liquid water content variation with soil temperature
Experimental
The porous medium used in the experiments consisted of silica glass particles. Table 1 shows the basic characteristics of the sample. The particle size distribution was obtained by the mixture of larger particles with smaller particles, and the quality ratio between larger particles and smaller particles was fixed at 20:1. Porous medium with expected water content was prepared by placing the glass particles in a desiccator, dried for hours, added a certain quality of liquid water according to the expected quality ratio between water and glass powder, and it allows the system to equilibrate for a day. The schematic diagram of the experiment apparatus is shown in Figure 4 . The whole experimental apparatus consists of a cooling system, a sampler, three sensors and a water tank. The sampler is an important part, as shown in Figure 5 . To help the sensors move with the reconstruction and frost heave, the sensors were inserted into the soil through the hole in slider blocks, the slider blocks were stacked together along the slip way, so that, the sensors can move up and down freely, and at the same time, as shown in Figure 5 , due to the special geometry of slider blocks, the slider blocks can also keep the sampler sealed.
The sensors used were temperature and water content coupled meters (5TE, Decagon devices, Washington, DC, USA), The accuracy for measurement of soil volumetric water content (VWC) by Decagon device 5TE was ± 0.03 m 3 /m 3 , while the resolution was 0.0008 m 3 /m 3 (0.08% VWC) from 0 to 50% VWC. The value of water content was gained by the indirect measurement of permittivity of soil. The sensors use capacitance to measure the dielectric permittivity of the surrounding medium. The volume of water in the total volume of soil significantly influences the dielectric permittivity of the soil because the dielectric of water is much greater than the other constituents of soil (mineral soil, ϵs = 4.15; air, ϵa = 0.99; ice, ϵ i = 3.27). Thus, when the amount of water changes in the soil, the sensors will measure a change in capacitance (from the change in dielectric permittivity) which can be directly correlated with a change in the water content. The relationship between permittivity and temperature for various water contents needs to be calibrated, and the calibration curves are shown in Figure 6 . It is observed that, the permittivity decreased gradually when the temperature dropped from a high temperature to a temperature near the bulk water freezing point, which was caused by the increasing water permittivity with decreasing temperature when temperature was above freezing point. Then, when the temperature passed the bulk water freezing point due to the formation of ice, the permittivity dropped rapidly. Finally, the permittivity decreased gradually again after passing the bulk water freezing point, which was caused by the decreasing ice permittivity with decreasing temperature.
The relationship between water content and soil permittivity is [22] :
where θ is the calculated water content, ϵr is the measured permittivity of soil, ρ w is the water density, sis the specific surface area which is about 119.5 m 2 /g, Da is a length in which the surface force will influence the water permittivity. According to the van der Waals force, which affects dielectric properties of the media, it is steeply decreased from soil surface to about 5 nm, then it gradually decreased in the range of dozens nm [23] . In some models, the dielectric properties of water drastically changed in the length from the surface to 3-10 nm and asymptotically approached to those of bulk water [24, 25] . Here, based on the van der Waals force, we assume Da = 5 nm. ϵ bw is the water permittivity, and it can be calculated as:
The calculated water content based on the permittivity was compared with the initial water content, a good agreement was observed between them, and the values are shown in Figure 7 . The prepared sample was placed into the sampler with an inner diameter of D = 50 mm and a height of H = 200 mm, three temperature-moisture coupled sensors were inserted into the sample through the hole in slider blocks from side of the sampler with an interpret of 300 mm. The sampler was then put into a temperature gradient device, and the temperature gradient can be controlled by the up and down cooling system. Initially, the top and down walls of sampler were set to the high temperature (278 K) for two 
Simulation settings
In the simulation of water content at different temperatures with soil saturation of 0.32 and 0.16, based on the experiment conditions mentioned above, the corresponding initial conditions and boundary conditions were given. 0.45 was adopted for the porosity of sandy loam soil. The computational domain was given a uniform temperature of T 0 = 5 ∘ C, providing density ratios of ρ w /ρ a = 1.46 :
0.54 and ρ w /ρ a = 0.73 : 1.27 for soil saturation of 0.33 and 0.16, respectively. The adjustment coefficient for suction force is given by G fre = 1.5.
Results and discussion
The experimental data of liquid water content variation with temperature were obtained from the experiments conducted in this study. The liquid water contents and soil temperatures were measured simultaneously at two points for soils with two kinds of saturation (0.33, 0.16). The first point was 30 mm away from the top (up) wall, and the interpret between the two points was 30 mm. For the soil with saturation of 0.33, the experimental and numerical results of liquid water contents at different temperatures are shown in Figure 8 . Due to the temperatures of the top and bottom walls, which were fixed at 258 K and 278 K, respectively, a temperature gradient from the bottom to the top was formed, and this temperature gradient caused a heat flow coupled with water migration during the soil freezing process. When the temperature decreased from 278 K to the freezing point due to the suction of freezing fringe, the liquid water content decreased gradually from the initial value to about 0.30 for both point 1 and point 2. When the temperature decreased from the freezing point to 268 K, the liquid water content decreased rapidly due to the freezing of pore water, then, the liquid water content decreased gradually due to the formation of pre-melted film. In the temperature variation range from 278 K to 258 K, the liquid water content decreased from 0.33 to 0.08 in both experimental and numerical results. The correlation coefficients of the predicted and observed liquid water contents were 0.97 and 0.95 for point 1 and point 2, respectively, as show in Figure 9 . These high accuracies may be attributed to (a) the consideration of pre-melted film, and the existence of pre-melted film permitted the unfrozen water in the frozen zone, and (b) the lower freezing point of water in thinner pre-melted film, and this relationship made the liquid water content decrease gradually with soil temperature in the frozen zone. What's more, according to Figure 8 , the decrease in liquid water content at point 2 was a little fast than that at point 1, this was caused by the different temperature gradients in the freezing fringe. For the soil with saturation of 0.16, the experimental and numerical results of liquid water contents at different temperatures are shown in Figure 10 . The liquid water content variations were similar to those of soil with saturation of 0.33. When the temperature decreased from 278 K to the freezing point, the liquid water content decreased gradually from the initial value to about 0.14 for both point 1 and point 2. When the temperature decreased from the freezing point to 268 K, the liquid water content decreased, then, gradually to 0.06. Figure 11 shows the correlation coefficients of the predicted and measured liquid water contents. It is observed that the correlation coefficients are 0.99 for both point 1 and point 2, indicating that the developed model can be well used to predict the liquid water contents at different soil temperatures. 
Conclusions
The water contents at different soil depths and temperatures were used to validate the model developed in the first part. Some conclusions were obtained.
The simulated and experimental water contents at different soil depths varied in the ranges of 0.425-0.26 and 0.425-0.25, respectively, and the correlation coefficients were between 0.83 and 0.92.
For the soil saturation of 0.33, when the temperature decreased from 278 K to 258 K, both the simulated and experimental water contents at different soil depths ranged in 0.33-0.08, and the correlation coefficients were between 0.95 and 0.97.
For the soil saturation of 0.16, when temperature decreased from 278 K to 258 K, both the simulated and experimental water contents at different soil depths ranged in 0.16-0.06, and both the correlation coefficients were 0.99.
The developed model can be well used to predict the water contents at different soil depths and temperatures. 
